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Background: Receptor guanylyl cyclase C regulates ion secretion and cytostasis in intestinal epithelial cells.
Results: Ligand-mediated activation of guanylyl cyclase C and subsequent elevation of cGMP increase levels of p21 via PKGII
and p38 MAPK.
Conclusion: Guanylyl cyclase C can induce intestinal epithelial cell cytostasis and senescence via p21.
Significance: Intestinal neoplasia is controlled by cGMP and p21.

Guanylyl cyclase C (GC-C) is expressed in intestinal epithelial
cells and serves as the receptor for bacterial heat-stable entero-
toxin (ST) peptides and the guanylin family of gastrointestinal
hormones. Activation of GC-C elevates intracellular cGMP,
which modulates intestinal fluid-ion homeostasis and differen-
tiation of enterocytes along the crypt-villus axis. GC-C activity
can regulate colonic cell proliferation by inducing cell cycle
arrest, and mice lacking GC-C display increased cell prolifera-
tion in colonic crypts. Activation of GC-C by administration of
ST to wild type, but not Gucy2c�/�, mice resulted in a reduction
in carcinogen-induced aberrant crypt foci formation. In p53-
deficient human colorectal carcinoma cells, ST led to a tran-
scriptional up-regulation of p21, the cell cycle inhibitor, via acti-
vation of the cGMP-responsive kinase PKGII and p38 MAPK.
Prolonged treatment of human colonic carcinoma cells with ST
led to nuclear accumulation of p21, resulting in cellular senes-
cence and reduced tumorigenic potential. Our results, there-
fore, identify downstream effectors for GC-C that contribute to
regulating intestinal cell proliferation. Thus, genomic responses
to a bacterial toxin can influence intestinal neoplasia and
senescence.

The high self-renewal rate of the colorectal epithelia predis-
poses this tissue to the development of cancers. Most colorectal
cancers begin as small benign adenomatous polyps, and invari-
ably, some of these progress into invasive carcinomas and, ulti-
mately, metastasis (1). Both sporadic and hereditary forms of
colorectal cancer develop along a well defined sequence of his-
topathological and genetic changes (2). Although surgery
remains the first line of treatment, methods to control the pro-
liferation of metastatic tumors are required to control later
stages of the disease (3).

Higher eukaryotes have evolved multiple checkpoint mech-
anisms to monitor the cell cycle and halt protumorigenic activ-

ity. The tumor suppressor protein p53 mediates the DNA dam-
age-induced checkpoint through transactivation of various
growth-inhibitory or proapoptotic genes. Among these, p21
(also known as p21WAF1/Cip1) mediates a p53-dependent G1
growth arrest (4, 5). The tumor suppressor activity of p21 stems
from its role in inducing growth arrest, differentiation, or
senescence. Cells lacking p21 expression fail to arrest the cell
cycle at the G1 checkpoint and do not senesce in response to
DNA damage (6). Consequently, p21 is often found to be dys-
regulated in human cancers and has been identified as a risk
locus associated with colorectal cancers (7). Growth inhibition
of colon cancer cells mediated by p21 can occur in a p53-de-
pendent or -independent manner (8, 9).

The guanylyl cyclase C (GC-C)3 receptor is expressed at the
apical membranes of intestinal cells. Binding of its ligands gua-
nylin and uroguanylin and the diarrhea-causing heat-stable
enterotoxins (ST) results in intracellular accumulation of cyclic
GMP (cGMP) and fluid-ion efflux (10). Indeed, mutations in
the human GUCY2C gene have been associated with severe
gastrointestinal disturbances, emphasizing the important role
of this receptor in intestinal physiology and function (11, 12). In
addition to maintenance of intestinal fluid-ion balance, GC-C
also regulates intestinal epithelial cell proliferation. Colonic
epithelia of mice deficient in GC-C are prone to colonic tumors
induced by carcinogens or inherited germ line mutations and
demonstrate an accelerated cell cycle, disruption of genomic
stability, and activation of protumorigenic signaling pathways
(13, 14). Uroguanylin and guanylin appear to play a key role in
regulating the balance between proliferation and differentia-
tion in the intestinal epithelia via cGMP and release of intracel-
lular Ca2� through cyclic nucleotide-gated channels (15). Gua-
nylin knock-out mice show increased crypt depth and a higher
number of proliferating cells, reiterating the role of GC-C in
regulating intestinal crypt biology (16).
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Uroguanylin and guanylin expression is reduced in colon
carcinoma, whereas GC-C expression remains comparable
with that seen in normal colonic mucosa (17–19). Thus, GC-C
is a marker for metastatic colorectal carcinoma (20), and sup-
plementation with uroguanylin has been shown to decrease
tumorigenesis in mouse models of intestinal carcinogenesis
(19). The role of GC-C as a moderator of cell proliferation sug-
gests that GC-C and cGMP are vital components of a cytostatic
axis, dysregulation of which promotes tumorigenesis. Here, we
have delineated a signaling pathway emerging from GC-C
whereby the up-regulation of p21 results in cellular cytostasis
and induction of cellular senescence in intestinal epithelial
cells.

EXPERIMENTAL PROCEDURES

Cell Culture—The T84 cell line was obtained from ATCC
(Manassas, VA). Cells were cultured in DMEM/F-12 contain-
ing 120 mg/liter penicillin and 270 mg/liter streptomycin in the
presence of 5% FBS (Invitrogen). T84 cells were transfected
with the required siRNA using TransIT-TKO siRNA transfec-
tion reagent (Mirus) according to the manufacturer’s protocols.
Control siRNA (sc-37007) and protein kinase G II (PKGII)
siRNA (sc-38974) were obtained from Santa Cruz Biotechnol-
ogy. EGFP esiRNA (EHUEGFP) and p21 esiRNA (EHU003861)
were obtained from Sigma-Aldrich.

Maintenance of Mice—Gucy2c�/� mice were obtained from
The Jackson Laboratory (21). They were backcrossed with
C57BL/6 mice for six generations prior to use in experiments.
All mice were housed under specific pathogen-free conditions
and maintained in individually ventilated cages. Temperature
(22 � 2 °C) and humidity (55 � 10%) were kept constant with a
12-h light/dark cycle, and mice had access to standard labora-
tory chow and water ad libitum. Litter-matched male and
female Gucy2c�/� and Gucy2c�/� mice of age 6 – 8 weeks were
used. Animal studies and experiments were approved and car-
ried out according to institutional guidelines for animal use and
care at the Indian Institute of Science, Bangalore, India.

Colonic Crypt Isolation and Treatments—Excised colons
were washed in ice-cold PBS and then cut into small pieces. The
pieces were then incubated in PBS containing 3 mM EDTA and
0.5 mM DTT (PBSED) at room temperature for 60 min. The
solution containing loose pieces of mesenchyme and intestine
was decanted, cold PBSED was added, and the tube was shaken
vigorously 10 times. The cells shed into the PBSED were dis-
carded. The intestine pieces were again shaken vigorously
10 –15 times in fresh PBSED, and the supernatant was col-
lected. Crypts shed into the supernatant were resuspended in
DMEM/F-12 containing 5% FBS and used immediately for
experiments. Approximately 500 crypts were treated with STh
(referred to as ST throughout the text) (22) at a concentration
of 100 nM for 1 h.

Measurement of Cyclic Nucleotides—Colonic crypts from
Gucy2c�/� and Gucy2c�/� mice were prepared as described
above in the presence of 3-isobutyl-1-methylxanthine (500
�M). Crypts were pelleted and lysed in 0.1 N HCl. Cyclic GMP
and cAMP were estimated by radioimmunoassay as described
previously (23).

Reverse Transcription-PCR—RNA was isolated using TRI
Reagent (Sigma-Aldrich) according to the manufacturer’s
instructions. RNA was treated with DNase I (MBI, Thermo
Scientific) and reverse transcribed using RevertAid reverse
transcriptase (MBI, Thermo-Scientific). Real time PCR was
performed using the SensiFAST SYBR kit (Bioline, India) on an
ABI 7000 real time PCR machine (Applied Biosystems). 18 S
RNA was used as an internal control. The sequences of primers
used for PCR are available on request.

Immunoprecipitation and Western Blot Analysis—T84 cells
and colonic crypts were harvested into homogenization buffer
(50 mM HEPES, pH 7, 100 mM NaCl, 5 mM EDTA, 5 �g/ml
leupeptin, 5 �g/ml aprotinin, 2 mM PMSF). Cells were lysed by
sonication and centrifuged for 1 h at 4 °C at 13,000 rpm. The
membrane fraction obtained in the form of a pellet was resus-
pended in resuspension buffer (50 mM HEPES, pH 7, 5 �g/ml
aprotinin, 5 �g/ml leupeptin, 5 �g/ml soybean trypsin inhibi-
tor, 20% glycerol). Protein concentration was estimated by
using a modified Bradford protein assay (24).

Membrane fractions (1 mg of total protein) were solubilized
in 1% Triton X-100 and 500 mM NaCl for 2 h, and GC-C was
immunoprecipitated using the GCC:4D7 monoclonal antibody
(mAb) overnight at 4 °C. 10 �l of equilibrated protein A/G
beads (Invitrogen) was added and incubated for an additional
2 h. The beads were pelleted at 4 °C and washed thrice with
wash buffer (10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1% Tri-
ton X-100) and twice with TBS (10 mM Tris-HCl, pH 7.5, 100
mM NaCl). The beads were then boiled in SDS sample buffer,
and proteins were subsequently analyzed by SDS-PAGE and
Western blotting.

For Western blot analysis, whole cell lysates were prepared
from T84 cells and colonic crypts by sonicating cells in PBS
containing 2% SDS. Samples were diluted, and protein was esti-
mated by a microBCA kit (Pierce, Thermo-Fisher). 50 �g of
total protein from T84 cell lysates or 100 �g of total protein
from colonic crypt lysates was loaded in each lane unless oth-
erwise specified. Sp1, cystic fibrosis transmembrane conduc-
tance regulator, and PKGII antibodies were from Santa Cruz
Biotechnology. Phospho-p38 MAPK, p21, phospho-Rb, total
Rb, cyclin D1, and Histone deacetylase 1– 6 (HDAC1– 6) anti-
bodies were from Cell Signaling Technology. Total p38 and
tubulin antibodies were from Sigma-Aldrich. Blots were
detected with a horseradish peroxidase-conjugated goat anti-
rabbit or anti-mouse antibody (GE Healthcare). Blots were pro-
cessed with Luminata Crescendo HRP substrate (Millipore)
and visualized on a FluorChem Q MultiImage III system (Alpha
Innotech). All blots were repeated at least thrice and quanti-
tated using Alpha View software (Version 3).

N-Methyl-N-nitrosourea (MNU)-induced Colorectal Carci-
nogenesis Model—Litter-matched Gucy2c �/� and Gucy2c�/�

mice were divided into four groups and given the indicated
treatments by oral gavage. Each group consisted of six mice of
each genotype except Group 1, which had three mice of each
genotype. Group 1 was treated with PBS. Group 2 was treated
with MNU at 50 mg/kg. Group 3 was treated with MNU at 50
mg/kg followed by three doses (100 �l) of ST (10 nM) every 48 h
for 1 week. Group 4 was treated with MNU at 50 mg/kg fol-
lowed by three doses (100 �l) of 8-pCPT-cGMP (100 �M) every
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48 h for 1 week. At the end of 6 weeks, the mice were sacrificed,
and colons were removed, fixed in 4% paraformaldehyde, and
stained with 0.2% methylene blue for evaluation of formation of
aberrant crypt foci (ACF) by stereomicroscopy. To investigate
the effect of long term ST administration, Gucy2c�/� and
Gucy2c�/� mice (n � 3) were given 100 �l of ST (10 nM) by oral
gavage every 48 h for 10 days following which colonic crypts
were prepared, lysed in 2% SDS, and analyzed by Western
blotting.

Immunofluorescence—Colons were fixed with 4% parafor-
maldehyde, dehydrated, and embedded in paraffin. Tissue sec-
tions (5 �m) prepared from paraffin blocks were subjected to
antigen retrieval in citrate buffer, pH 6. Sections were
stained with anti-Ki67 (2 �g/ml) (Abcam), Alexa Fluor 488-
conjugated secondary antibody (Molecular Probes, Invitro-
gen) and counterstained with Hoechst 33342. Images were
taken on a Leica TCS SP5 II confocal microscope (Leica
Microsystems, Germany).

Microarray Analysis—Microarray experiments were per-
formed using whole human genome (4 � 44,000) oligonucleo-
tide arrays (Agilent Technologies, Santa Clara, CA) on RNA
isolated from control and 1-h ST (100 nM)-treated T84 cells
using an RNeasy kit (Qiagen). Labeling of probes was per-
formed using the low RNA input linear amplification kit (Agi-
lent Technologies). Hybridization and washing protocols were
carried out according to Agilent guidelines. The LOWESS
(locally weighted scatter plot smoothing) algorithm was used to
normalize the data, and -fold change was calculated from the
ratio of Cy5/Cy3 (treated/untreated) intensities. For statistical
analysis, Student’s t test was performed using Benjamini Hoch-
berg multiple testing correction. The Gene Expression Omni-
bus (GEO) accession number for the microarray data is
GSE45531.

Quantitative ChIP Assay—T84 cells (�106) were cross-
linked with formaldehyde (1%) and resuspended in 1 ml of
swelling buffer (25 mM HEPES, pH 7, 1.25 mM MgCl2, 10 mM

KCl, 1% Nonidet P-40, 1 mM DTT, protease inhibitor mixture
(Roche Applied Science)). The cells were homogenized in a
Dounce homogenizer (10 strokes) followed by centrifugation at
2000 rpm for 15 min. The nuclear pellet was resuspended in
sonication buffer (50 mM HEPES, pH 7, 140 mM NaCl, 1 mM

EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS,
protease inhibitor mixture). Nuclei were sonicated 10 times for
10 s each at the 80% amplitude setting with a sonicator (IKA
Laborotechnik, Germany) and centrifuged at 14,000 rpm for 10
min. 50 –150 �g of sonicated chromatin was diluted 10-fold in
ChIP dilution buffer (50 mM HEPES, pH 7, 140 mM NaCl, 1 mM

EDTA, 1% Triton X-100, 0.01% SDS, protease inhibitor mix-
ture) and precleared for 1 h at 4 °C with normal rabbit IgG
bound to 20 �l of protein A/G-agarose. The supernatant was
then incubated overnight at 4 °C with specific antibody or con-
trol IgG (5 �g). Antibody-bound chromatin was recovered fol-
lowing a 2-h incubation at 4 °C with 20 �l of protein A/G-
agarose. The beads were washed once in low salt buffer (50 mM

HEPES, pH 7, 140 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton
X-100), twice in high salt buffer (50 mM HEPES, pH 7, 500 mM

NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100), twice in LiCl
buffer (50 mM HEPES, pH 7, 1 mM EDTA, 250 mM LiCl, 1%

Nonidet P-40, 1% sodium deoxycholate), and twice in Tris-
EDTA, pH 8. The bound DNA was eluted by two 15-min incu-
bations at room temperature in 50 �l of elution buffer (1% SDS,
100 mM NaHCO3). Protein-DNA cross-links were reversed by
addition of 5 �l of NaCl (5 M) and incubation at 65 °C for 4 h.
The chromatin was then subjected to RNase A (10 �g/ml) and
proteinase K (10 �g/ml) digestion and purified by phenol-chlo-
roform extraction. Real time PCR was performed with the
eluted DNA using p21 promoter-specific primers. -Fold
enrichment was calculated with reference to 1⁄100 of input
chromatin.

Senescence-associated (SA)-�-galactosidase Assay and Senes-
cence-associated Heterochromatin Foci Formation—SA-�-ga-
lactosidase activity for detection of senescent cells was per-
formed as described previously with minor modifications (25).
Cells were washed with PBS, fixed in 0.5% glutaraldehyde, and
incubated with staining solution (1 mg/ml X-gal, 5 mM potas-
sium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl,
1 mM MgCl2 in PBS at pH 6.0) for 12 h at 37 °C. Nuclei were
counterstained with 4�,6-diamidino-2-phenylindole (DAPI)
and visualized on an Axio Observer Z.1 (Carl Zeiss Microsys-
tems, Germany). Approximately 1000 cells were counted in
each experiment.

T84 cells were fixed with 4% paraformaldehyde and
stained with DAPI, and senescence-associated heterochro-
matin foci were visualized on a Leica TCS SP5 II (Leica
Microsystems). Approximately 1000 cells were manually
counted in each experiment.

Soft Agar Colony Formation Assay—T84 cells (105) were
treated with ST (100 nM) or 8-pCPT-cGMP (25 �M) for 10 days.
ST- or 8-pCPT-cGMP-containing medium was replaced every
3 days. Subsequently, these cells were trypsinized and resus-
pended in 0.3% Noble agar in DMEM/F-12 supplemented with
5% FBS at a density of 2 � 104 cells/well of a 6-well plate. 3
weeks postplating, colonies were stained with 0.005% crystal
violet, and colonies were quantified manually.

Statistical Analysis—All data were analyzed using Student’s t
test (GraphPad Prism5) unless specified otherwise.

RESULTS

Gucy2c�/� Mice Show Higher Colonic Cell Proliferation and
Are Prone to Tumorigenesis—We utilized litter-matched
Gucy2c-sufficient (Gucy2c�/�) and -deficient (Gucy2c�/�)
mice to delineate mechanisms by which GC-C regulates intes-
tinal cell proliferation. Crypts from Gucy2c�/� showed no
GC-C expression by Western blot analysis (Fig. 1A). Equivalent
expression of cystic fibrosis transmembrane conductance reg-
ulator and PKGII was seen in wild type and Gucy2c�/� mice
(Fig. 1A). No changes in the levels of guanylin or uroguanylin
transcripts were seen in Gucy2c�/� mice in comparison with
wild type mice (Fig. 1B). The absence of GC-C in knock-out
mice was correlated with a significant reduction (�60%) in
intracellular cGMP levels in the colonic epithelia of Gucy2c�/�

mice, whereas cAMP levels remained unchanged (Fig. 1C).
We then looked for the presence of microscopic hyperprolif-

erative pockets, known as ACF, in wild type and Gucy2c�/�

mice following oral gavage with MNU (26, 27). ACF are consid-
ered as preneoplastic lesions and serve as surrogate biomarkers
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for early colorectal adenomas (28). The number of MNU-in-
duced dysplastic ACF were higher in Gucy2c�/� mice com-
pared with Gucy2c�/� mice (Fig. 1D). Importantly, in vivo
administration of ST after an MNU challenge reduced forma-
tion of ACF in Gucy2c�/� mice but not in Gucy2c�/� mice.
This suggested a role for cGMP in regulating intestinal cell pro-
liferation with activation of GC-C providing a mechanism to
increase intracellular cGMP levels. In agreement with this,
administration of 8-pCPT-cGMP was also able to attenuate for-
mation of ACF both in wild type and Gucy2c�/� mice (Fig. 1D).

We did not observe an appreciably higher number of actively
cycling cells in the colonic crypts of Gucy2c�/� mice as assessed
by Ki67 staining (Fig. 1E). Thus, we can conclude that activation
of GC-C restricts tumorigenesis induced by a carcinogen in the
colon in a cGMP-dependent manner.

Cyclic GMP Up-regulates p21 Expression via PKGII and p38
MAPK in Colorectal Carcinoma Cells—To elucidate the molec-
ular mechanisms by which ST (via GC-C) regulates the prolif-
eration of intestinal epithelial cells, we utilized the T84 human
colorectal carcinoma cell line as a model. We and others have

demonstrated previously that application of ST to T84 cells
results in a reduced rate of cell division and G1 arrest of the cell
cycle (29, 30). To identify genes whose differential regulation
could mediate this cell cycle arrest, we performed global gene
expression profiling in T84 cells following treatment with ST
peptide. One of the up-regulated genes was CDKN1A (�2.7-
fold up-regulation of mRNA; Fig. 2A). CDKN1A encodes p21
(p21CIP1/WAF1), which is a potent cyclin-dependent kinase
inhibitor and functions as a regulator of cell cycle progression at
the G1-S phase of the cell cycle (5). Western blot analysis of T84
cells treated with ST or 8-pCPT-cGMP revealed that the eleva-
tion of p21 mRNA levels (Fig. 2A) was correlated with an
increase in p21 protein (Fig. 2B), suggesting that p21 could be
the mediator of cell cycle arrest in T84 cells (via cGMP) follow-
ing ST action. Elevation of intracellular cAMP using cholera
toxin or 8-pCPT-cAMP showed only a marginal increase in p21
levels (Fig. 2C), probably due to a low cross-activation of a com-
mon cyclic nucleotide-dependent downstream kinase (31, 32).

We next investigated molecular players that could transduce
the signal of intracellular cGMP accumulation resulting in p21

FIGURE 1. Colonic epithelia in the Gucy2c�/� mice show a higher incidence of MNU-induced ACF. A, Western blot analysis of GC-C immunoprecipitated
with GCC:4D7 mAb from colonic crypts of Gucy2c�/� and Gucy2c�/� mice and solubilized membrane fraction from T84 cells (top panel). Western blot analysis
of PKGII, cystic fibrosis transmembrane conductance regulator (CFTR), and tubulin was performed with lysates prepared from colonic crypts of Gucy2c�/� and
Gucy2c�/� mice and T84 cells. B, RT-PCR analysis of uroguanylin and guanylin expression in colonic crypts from Gucy2c�/� and Gucy2c�/� mice. C, cyclic GMP
levels and cAMP levels in the colonic mucosa of Gucy2c�/� and Gucy2c�/� mice. Values shown represent the mean � S.E. of duplicate determinations of
experiments repeated thrice (*, p 	 0.05). D, formation of ACF in mice was induced by oral gavage with MNU. Mice subsequently received additional oral doses
of ST or 8-pCPT-cGMP every 48 h for 1 week. Formation of ACF was analyzed 6 weeks post-MNU treatment. Statistical significance was calculated using one-way
analysis of variance with Tukey’s multiple comparison test: Gucy2c�/� MNU versus Gucy2c�/� MNU � ST, p 	 0.05 (*); � � 0.76; Gucy2c�/� MNU versus
Gucy2c�/� MNU � 8-pCPT-cGMP, p 	 0.01 (**), � � 0.93; Gucy2c�/� MNU versus Gucy2c�/� MNU, p 	 0.01 (*), � � 0.86; Gucy2c�/� MNU versus Gucy2c�/�

MNU � 8-pCPT-cGMP, p 	 0.01 (**), � � 0.99. (error bars, S.D.; filled circles, Gucy2c�/�; open circles, Gucy2c�/�; n � 3 for PBS, n � 6 for rest). E, Ki67 staining of
colonic sections from Gucy2c�/� and Gucy2c�/� mice. Green indicates Ki67-positive nuclei. All nuclei were counterstained with Hoechst 33342 (blue).
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induction. PKGII is an immediate downstream target of cGMP
(33). Transfection of PKGII-specific siRNAs to T84 cells prior
to ST addition abrogated p21 up-regulation (Fig. 3A). To inves-
tigate downstream effectors of PKGII, we analyzed the activa-
tion of p38, ERK1/2, and SAPK/JNK MAPKs following treat-
ment of T84 cells with ST/8-pCPT-cGMP (Fig. 3B). No
significant change in the activation of ERK1/2 or SAPK/JNK
was observed, whereas p38 MAPK was distinctly activated on
ST and 8-pCPT-cGMP treatment. Total levels of p38 MAPK
remained unchanged (Fig. 3B). Activation of p38 MAPK follow-
ing ST treatment was lost in cells lacking PKGII (Fig. 3C), indi-
cating that activation of p38 MAPK was dependent on cGMP-
mediated regulation of PKGII. Inhibition of the catalytic
activity of p38 MAPK using a specific inhibitor (SB203580) pre-
vented the up-regulation of p21 on ST treatment (Fig. 3D).
Thus, these results demonstrate the role of PKGII and p38
MAPK in mediating the signal of intracellular cGMP accumu-
lation leading to the elevation of p21 levels in the cell.

Transcriptional Regulation of p21 Is Mediated via Sp1 and
HDAC—Various genetic and epigenetic mechanisms regulate
p21 expression (34). Because T84 cells do not express p53, a
major regulator of p21 transcription (35), we looked for addi-
tional factors that could regulate p21 transcription in a cGMP-
dependent manner. Binding of the transcription factor Sp1 to
the p21 promoter has been shown to induce differentiation in
colorectal carcinoma cells (36) consequent to an increase in p21
transcription. Six Sp1 binding sites present in the proximal
region of the p21 promoter (�1 to �117) have been described
(34) (Fig. 4A). Phosphorylation of Sp1 retards its mobility on
SDS-PAGE (37) and enhances its ability to bind DNA and acti-
vate transcription (38). Western blot analysis using Sp1-specific
antibodies showed the presence of a slower migrating form fol-
lowing ST treatment that corresponds to phosphorylated Sp1

(Fig. 4B). This slower migrating form was absent in cells treated
with SB203580 (Fig. 4B), indicating that p38 MAPK activation was
required for Sp1 phosphorylation and that PKGII is unlikely to
directly phosphorylate Sp1. Chromatin immunoprecipitation
with an Sp1-specific antibody was performed on ST-treated T84
cells. Enhanced binding (�2-fold) of Sp1 to the p21 proximal pro-
moter was observed in ST-treated cells in comparison with
untreated cells (Fig. 4C), and the increase in promoter occupancy
was abrogated in the presence of SB203580. Thus, these observa-
tions suggest that p38 MAPK-mediated Sp1 phosphorylation con-
tributed to the increase in p21 transcription.

HDACs have emerged as critical epigenetic regulators of cell
growth and differentiation programs. HDAC3 is overexpressed
in approximately half of all colorectal carcinomas, resulting in
repression of p21 expression and enhanced cell proliferation
(39, 40). Therefore, we analyzed the expression and binding of
HDAC1, HDAC2, HDAC3, HDAC4, HDAC5, and HDAC6 to
the proximal p21 promoter in T84 cells. HDACs 1, 2, 3, 4, and 6
were expressed, and no alteration in their expression levels was
seen on ST treatment (Fig. 4D). However, we observed reduced
HDAC3 occupancy at the p21 promoter upon elevation of
cGMP (Fig. 4E). We suggest that exclusion of HDAC3 from the
p21 promoter in the presence of cGMP possibly maintains tran-
scription-permissive chromatin, which acts synergistically with
Sp1 to promote p21 transcription.

GC-C Activation Leads to Induction of p21 in Murine Colonic
Epithelia—We have thus far demonstrated that activation of
GC-C by ST increases p21 levels in human colorectal carcinoma
cells in a cGMP-dependent manner. This transcriptional regula-
tion occurred independently of p53. Therefore, we sought to
determine whether the induction of p21 transcription by cGMP
occurred in intact colonic crypts, which were p53-positive.

FIGURE 2. Cyclic GMP regulates p21 expression in colorectal carcinoma cells. A, real time PCR analysis of the p21 transcript in T84 cells treated with ST (100
nM) or 8-pCPT-cGMP (25 �M) for 1 h. Values shown represent the mean � S.E. of duplicate determinations of experiments repeated thrice. B, increase in p21
protein in response to cGMP elevation by ST (100 nM) or 8-pCPT-cGMP (25 �M). GC-C expression remained unchanged. The right panel shows quantification of
Western blots performed with T84 cell lysates with experiments repeated thrice (*, p 	 0.05 compared with control). C, Western blot analysis of lysates prepared
from T84 cells treated with ST (100 nM), cholera toxin (100 nM), or 8-pCPT-cAMP (25 �M) for 1 h with p21 and tubulin antibodies. The right panel shows
quantification of Western blots of experiments repeated thrice (*, p 	 0.05 compared with control). Error bars represent S.E.
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Administration of ST to crypts isolated from wild type mice
resulted in an increase in cGMP levels, whereas no elevation in
cGMP was seen in Gucy2c�/� mice (Fig. 5A). In agreement with
observations in T84 cells, an increase in p21 mRNA (Fig. 5B)
and protein levels (Fig. 5C) following treatment with ST or
8-pCPT-cGMP was observed in crypts from Gucy2c�/� mice.
Importantly, ST was unable to up-regulate p21 in crypts from
the Gucy2c�/� mice. Moreover, 8-pCPT-cGMP was able to
increase p21 levels in both wild type and GC-C knock-out
mouse crypts (Fig. 5C).

We next examined p38 MAPK activation in response to ele-
vation of cGMP. p38 MAPK was activated on ST or 8-pCPT-
cGMP treatment in colonic crypts from Gucy2c�/� mice (Fig.
5C). However, only 8-pCPT-cGMP, and not ST, was able to

activate p38 MAPK in Gucy2c�/� mice (Fig. 5C). To analyze the
role of PKGII and p38 MAPK in modulating p21 expression in
colonic crypts, we utilized a specific inhibitor of PKGII ((Rp)-8-
pCPT-cGMPS) as well as the p38 MAPK inhibitor SB203580.
As seen in Fig. 5D, the cGMP-mediated increase in p21 was
inhibited in the presence of either of these inhibitors. Thus, the
molecular mechanisms of cGMP-mediated p21 expression
delineated in a colorectal carcinoma cell line were mirrored in
the murine colonic crypt, and the mechanisms underlying the
regulation of p21 expression by cGMP were retained in the
background of wild type p53.

Chronic ST Treatment Leads to a Cell Cycle Arrest and Induc-
tion of Cellular Senescence—In the normal intestine, GC-C is
continuously stimulated by the gastrointestinal hormones gua-

FIGURE 3. Cyclic GMP acts via PKGII and p38 MAPK to alter p21 expression. A, Western blot analysis of p21 and PKGII expression upon ST stimulation (100
nM) in T84 cells transfected with PKGII siRNA or control siRNA. The right panel shows quantification of Western blots of experiments repeated thrice (*, p 	 0.05
compared with control). B, T84 cells were serum-starved for 12 h in DMEM/F-12 containing 0.25% FBS and treated with ST (100 nM) or 8-pCPT-cGMP (25 �M) for
1 h. Western blot analysis was performed on T84 lysates with phospho-p38 antibody, p38 mAb, phospho-ERK1/2 antibody, ERK1/2 antibody, phospho-SAPK/
JNK antibody, and SAPK/JNK mAb. The bottom panel shows quantification of Western blots of experiments repeated thrice (*, p 	 0.05 compared with control).
C, Western blot analysis of p38 MAPK activation upon ST stimulation (100 nM) in T84 cells transfected with PKGII siRNA or control siRNA. The right panel shows
quantification of Western blots of experiments repeated thrice (**, p 	 0.01 compared with control). D, Western blot analysis of p21 expression and p38 MAPK
activation upon ST stimulation (100 nM) in T84 cells treated with SB203580 (10 �M). The right panel shows quantification of Western blots of experiments
repeated thrice (*, p 	 0.05 compared with control). Error bars represent S.E.
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nylin and uroguanylin, and this could act as an antitumorigenic
strategy. In developing countries, the frequent episodes of diar-
rhea mediated by ST peptides could also result in prolonged
stimulation of GC-C. Therefore, we investigated the conse-
quences of chronic stimulation of GC-C by treating T84 cells
with ST peptide for 10 days. We observed a dramatic increase in
p21 protein (Fig. 6A, upper panel) at the end of this treatment
period. However, we did not observe a concomitant increase in
the p21 mRNA at the end of 10 days (Fig. 6A, lower panel).
Therefore, it appears that following the initial increase in p21 at
the transcriptional level the large increase in p21 protein at 10
days may be a consequence of enhanced protein stability.

High p21 expression has been associated with irreversible
exit from the cell cycle and induction of cellular senescence
(41). The most widely used marker for senescence is the stain-
ing for �-galactosidase assessed at a suboptimal pH of 6.0
(known as SA-�-galactosidase) (42). The number of cells
expressing the senescence marker SA-�-galactosidase follow-
ing prolonged ST treatment reached a maximum of �20% of
the total population (Fig. 6B, upper panel), whereas little or no
SA-�-galactosidase activity was detected in untreated cells. A
fraction of T84 cells (11%) treated with ST also displayed char-
acteristic senescence-associated heterochromatin focus forma-
tion (Fig. 6C). To determine whether the induction of senescent
cells was p21-dependent, T84 cells knocked down for p21 were
treated with ST for 10 days (Fig. 6B, lower panel). A marked
reduction in SA-�-galactosidase-positive cells was seen in com-
parison with cells treated with ST and with consistent expres-

sion of p21 (Fig. 6B, upper panel). Therefore, sustained expres-
sion of p21 following GC-C activation and cGMP accumulation
was critical to induce senescence.

T84 cells treated with ST or 8-pCPT-cGMP for prolonged
periods of time displayed canonical features of irreversibly
arrested senescent cells, showing lower levels of phosphory-
lated Rb protein and a decrease in cyclin D1 levels (Fig. 6D).
This is commensurate with elevated levels of p21 (41) because
silencing p21 expression attenuated the ST-mediated decrease
in phosphorylated Rb and cyclin D1 levels. Hence, to analyze
ST-induced senescence and the role of p21 in preventing tumor
formation, we depleted p21 expression using esiRNA in T84
cells and monitored colony formation in a soft agar assay. As
seen in Fig. 6E, T84 cells treated with ST or 8-pCPT-cGMP for
10 days formed significantly fewer colonies than untreated
cells. This compromised ability to form colonies was p21-de-
pendent because cells in which p21 had been depleted showed
no reduction in the number of colonies on ST or 8-pCPT-
cGMP treatment (Fig. 6E).

We extended these studies and asked whether chronic in vivo
ST treatment of mice could elevate p21 levels in colonic crypts.
Indeed, 10 days of oral ST application led to markedly higher
levels of p21 in colonic crypts of wild type mice. This increase in
p21 levels was much reduced in the Gucy2c�/� mice (Fig. 7A).
Moreover, cyclin D1 levels were significantly lowered in wild
type mice treated with ST, thus underscoring the cytostatic
effect of cGMP elevation in the intestinal epithelia (Fig. 7A).

FIGURE 4. Sp1 and HDAC3 are required for cGMP-dependent p21 transcription. A, transcription factor binding sites on the proximal p21 promoter (34). The
Sp1 binding sites are highlighted, and the arrows indicate primers used for ChIP analysis. C/EBP, CCAAT/enhancer-binding protein; RAR, retinoic acid receptor.
B, Western blot analysis of Sp1 upon ST stimulation (100 nM) in T84 cells treated with SB203580 (10 �M). * marks the lower mobility form of Sp1. C, ChIP-
quantitative PCR demonstrating enhanced Sp1 binding to the p21 promoter upon treatment with ST (100 nM). Treatment with SB203580 (10 �M) abrogated
this increase in Sp1 binding. IgG represents normal goat IgG, which was used as a control in ChIP analysis. Values shown represent the mean � S.E. of
experiments repeated thrice (**, p 	 0.01). D, Western blot analysis of lysates of T84 cells treated with ST (100 nM) for 1 h with HDAC1, HDAC2, HDAC3, HDAC4,
HDAC5, and HDAC6 antibodies. E, ChIP-quantitative PCR to estimate occupancy of the indicated HDACs on the p21 promoter upon treatment with ST (100 nM).
NMI represents normal mouse IgG and NRI represents normal rabbit IgG used as controls for HDAC1–3 antibodies and HDAC4 – 6 antibodies, respectively,
during ChIP analysis. Values shown represent the mean � S.E. of experiments repeated thrice (**, p 	 0.01). Error bars represent S.E.
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DISCUSSION

This study describes the process by which activation of GC-C
initiates a transcriptional up-regulation of p21, resulting in cell
cycle arrest and reduced tumorigenesis in colonic epithelia.
Mice lacking the Gucy2c gene have lower homeostatic levels of
cGMP in their colonic crypts (Fig. 1C), and this possibly con-
tributes to an increase in MNU-induced ACF in these mice (Fig.
1D). Elevating cGMP by application of ST or 8-pCPT-cGMP
ameliorated neoplastic growth, supporting an additional mech-
anism by which GC-C regulates antiproliferative signaling in
the colon (43).

PKGII has emerged as an important downstream target of
cGMP produced by GC-C and in a manner similar to GC-C is

primarily expressed in the intestinal epithelia (33). Intriguingly,
PKGII�/� mice phenocopy the GC-C knock-out animals with
regard to crypt hyperplasia, indicating that PKGII mediates the
homeostatic effects of GC-C/cGMP in the colon (13, 44). As
seen in Fig. 3A, PKGII is vital for ST-mediated p21 induction as
its depletion attenuates the effect of ST treatment. In agreement
with this observation, poorly differentiated colonic adenocarcino-
mas show reduced PKGII expression in comparison with matched
normal tissue, further highlighting the crucial role of PKGII in
intestinal cell proliferation (44). In a previous study, overexpres-
sion of a constitutively activated form of PKGI has been shown to
up-regulate p21 in colorectal carcinoma cells, providing additional
evidence of a cGMP-p21 link (45).

FIGURE 5. The cGMP/p21 cytostatic axis is functional in the mouse colon. A, measurement of cGMP in colonic crypts obtained from Gucy2c�/� and
Gucy2c�/� mice following treatment with ST (100 nM). Values shown represent the mean � S.E. of duplicate determinations of experiments repeated thrice. B,
real time PCR analysis of p21 transcript levels in response to ST (100 nM) or 8-pCPT-cGMP (25 �M) from colonic crypts isolated from Gucy2c�/� and Gucy2c�/�

mice. Values shown represent the mean � S.E. of duplicate determinations of experiments repeated thrice. C, p21 expression and p38 MAPK activation in
response to ST (100 nM) or 8-pCPT-cGMP (25 �M) treatment of colonic crypts isolated from Gucy2c�/� and Gucy2c�/� mice. The right panel shows quantification
of Western blots of lysates prepared from colonic crypts with experiments repeated thrice (*, p 	 0.05 compared with control). D, Western blot analysis of p21
expression in colonic crypt lysates upon ST treatment (100 nM) in the presence of SB203580 (10 �M) or (Rp)-8-pCPT-cGMPS (2 �M). The right panel shows
quantification of Western blots of experiments repeated thrice (*, p 	 0.05 compared with control). Error bars represent S.E.
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The p38 MAPK acts here as a downstream signal transducer,
coupling activation of PKGII with increased transcription of
the p21 mRNA. Inactivation of the p38 MAPK pathway dis-
rupts induction of cellular senescence and may render mice
prone to tumor development (46). Of the three MAPK signaling
pathways, p38 MAPK was significantly activated in cells with
elevated levels of cGMP (Fig. 3B). There was a marginal reduc-
tion in proproliferative ERK1/2 signaling that could be a con-
sequence of p38 MAPK or PKGII activation (47, 48). In an ear-
lier study, enhanced p21 transcription via ERK activation was
reported in rat adventitial fibroblasts in response to nitric
oxide, which would elevate intracellular cGMP levels (49).
Using a specific ERK inhibitor, we found that ERK1/2 activity
was not essential for cGMP-dependent p21 induction in T84
cells (data not shown) as has been shown previously (50). Inter-
estingly, the phosphorylation of p38 MAPK was critically
dependent on PKGII because activation of p38 MAPK was lost
in cells lacking PKGII (Fig. 3C). This observation clearly places
the GC-C/cGMP/PKGII cascade upstream of p38 MAPK acti-

vation. In a peptide-based screen for substrates for PKGII, p38
MAPK was identified as a putative target (51). This raises an
intriguing possibility that in colonic epithelia PKGII could directly
phosphorylate and activate the p38 MAPK or the upstream mito-
gen-activated protein kinase kinases (MEKK3/6).

Of the various means of modulating p21 expression, tran-
scriptional regulation is the most complex and critical for coor-
dinating cell division (52). Consequently, deregulation of intra-
tumoral p21 transcription is a frequent occurrence in cancer
(53). Although p53 remains one of the most critical modulators
of p21 transcription, results presented here demonstrate that
cGMP acts in a p53-independent manner to increase p21
expression. This implies that the GC-C/p21 axis is functional
even in colorectal carcinomas that have lost p53 expression.

The multiple Sp1 binding sites in the p21 promoter are
required for p21 induction by diverse signaling cascades (34). In
addition, PKGI has been shown to increase p21 transcription
via Sp1 (54). As seen in Fig. 4B, Sp1 was found to be phosphor-
ylated by p38 MAPK in response to cGMP elevation, and

FIGURE 6. ST-treated T84 cells show hallmarks of senescence and reduced tumorigenicity. A, p21 was up-regulated upon treatment with ST (100 nM) for
10 days at the protein (upper panel) and transcript levels (lower panel). ST-containing medium was replaced every 3 days. Values shown represent the mean �
S.E. of duplicate determinations of experiments repeated thrice. B, upper panel, quantification of SA-�-galactosidase staining of T84 cells transfected with
control EGFP esiRNA or p21 esiRNA followed by treatment with ST (100 nM) for 10 days. Values shown represent the mean � S.E. of experiments repeated thrice
(**, p 	 0.01). Lower panel, Western blot to confirm p21 knockdown. C, fluorescence image of DNA stained with DAPI in T84 cells treated with ST (100 nM) for 10
days. Numbers indicate the numbers of senescence-associated heterochromatin foci (SAHF)-positive cells. Scale bar, 5 �m. D, Western blot analysis of phospho-
Rb, total Rb, cyclin D1, and p21 expression upon ST stimulation (100 nM) for 10 days in T84 cells transfected with EGFP esiRNA or p21 esiRNA. E, soft agar colony
formation with cells transfected with EGFP esiRNA or p21 esiRNA (top panel). T84 cells were treated with ST (100 nM) or 8-pCPT-cGMP (25 �M) for 10 days and
trypsinized, and colony-forming units were quantified (bottom panel). Values shown represent the mean � S.E. of experiments repeated thrice (*, p 	 0.05
compared with control EGFP esiRNA-transfected cells). Error bars represent S.E.
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increased phosphorylation of Sp1 has been shown to enhance
its DNA binding ability (55). In agreement with this, ST treat-
ment increased the occupancy of Sp1 at the p21 promoter, an
effect that was abolished in the presence of a p38 MAPK inhib-
itor (Fig. 4C). Thus, it appears that Sp1 plays a crucial role in
transducing the signal of GC-C activation to p21 expression.

Because p38 MAPK has multiple downstream targets that
also include several transcription factors, it is conceivable that
Sp1 may not be the sole transcription factor responsible for the
p21 induction seen in T84 cells. HDAC inhibitors have been
shown to up-regulate p21 transcription in an Sp1-dependent
manner (56). Here, we found that cGMP accumulation reduced
HDAC3 occupancy at the proximal p21 promoter, thereby
maintaining transcription-permissive chromatin (Fig. 4E).
HDAC3 has been shown to inhibit p21 expression, and overex-
pression of HDAC3 has been frequently observed in colonic
tumors (39). These observations demonstrate that the p21 pro-
moter in the colonic epithelia is under an added level of epige-
netic control that can be regulated in turn by cGMP levels.

Although the antiproliferative functions of p21 are mediated
by its nuclear localization, its cytoplasmic localization has been
associated with oncogenic growth (52). AKT1 phosphorylates
p21 and promotes its cytoplasmic accumulation (57). AKT sig-
naling is reduced following activation of GC-C (14), and in
agreement with this, we did not observe any cytoplasmic
enrichment of p21 upon ST treatment (data not shown). Thus,
the proproliferative roles of cytoplasmic p21 are unlikely to play
an important role in GC-C-mediated cell cycle regulation.

Chronic exposure of T84 cells to ST led to the development
of senescence-like features in colorectal carcinoma cells and an
appreciable p21-dependent decrease in soft agar colony forma-
tion (Fig. 6E). Induction of quiescence and senescence has long
been considered a barrier for tumorigenesis (58). In addition to
the cytostatic nature of the senescence program, these cells also
attract innate immune cells that can selectively target the

tumor, reinforcing the tumor-suppressive action of senes-
cence and facilitating tumor clearance (59). Interestingly,
many of the genes found to be differentially regulated follow-
ing ST treatment have been implicated in modulating cell
proliferation and tumorigenesis (Table 1). For example,
ETS1 (v-ets erythroblastosis virus E26 oncogene homolog 1)
(60), S100P (S100 calcium-binding protein P) (61), and
RAP2A (member of RAS oncogene family) (62) were all
down-regulated.

Worldwide, colorectal cancer is the fourth most commonly
diagnosed malignant disease and the second most frequent
cause of cancer-related death (63). Intriguingly, the age-ad-
justed occurrence of colorectal cancer in developing nations is
close to the lowest rates in the world (64). Our observations
linking GC-C activation and p21-dependent cytostasis may in
part explain the epidemiological disparity of colorectal cancer
incidence in the world as has been noted earlier (43). A com-

FIGURE 7. Chronic ST treatment of mice elevates p21 levels in colonic epithelia and reduces cell proliferation. A, Western blot analysis of p21 and cyclin
D1 expression in colonic crypts of Gucy2c�/� and Gucy2c�/� mice treated with ST every 48 h for 10 days. Each lane represents individual mice (n � 3 for each
treatment). The bottom panels show quantification of Western blots. Statistical significance was calculated using one-way analysis of variance with Tukey’s
multiple comparison test (**, p 	 0.01; ***, p 	 0.005). B, ligand-mediated (ST/uroguanylin/guanylin) activation of GC-C in the colonic cell leads to accumulation
of cGMP, which in turn activates PKGII. This results in activation of the p38 MAPK pathway and phosphorylation of the Sp1 transcription factor, which enhances
transcription of the p21 mRNA. Nuclear accumulation of p21 brings about senescence and quiescence, thereby reducing colorectal tumorigenesis. Known
cytostatic pathways regulated by GC-C activation are shown in blue. CNG, cyclic nucleotide-gated channel; PTEN, phosphatase and tensin homolog.

TABLE 1
List of 20 maximally regulated genes in T84 cells treated with ST for 1 h

Up-regulated genes Down-regulated genes
Gene

symbol
-Fold

change
Gene

symbol
-Fold

change

GIPR 3.12 ETS1 0.02
CDKN1A 2.82 REM2 0.02
CLINT1 2.73 USP47 0.03
SLC6A6 2.71 FNDC7 0.05
PRKG2 2.58 IQSEC1 0.21
ISYNA1 2.54 RPS29 0.28
COL14A1 2.51 ASB8 0.29
KLF14 2.42 S100P 0.31
COL18A1 2.42 RND3 0.31
ELN 2.38 FTH1 0.31
TOMM20L 2.31 UBC 0.35
ZIC4 2.28 APOL4 0.35
ERN1 2.27 TAF5L 0.37
A2ML1 2.25 GPR177 0.4
SPATA18 2.21 RPS2 0.41
CSDC2 2.13 RPS27 0.42
KRTAP4-11 2.12 RPLP0 0.44
ACRBP 2.11 SNX12 0.49
MLL 2.01 RPL19 0.49
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mon epidemiological feature of these colorectal cancer-spared
regions is the prevalence of enterotoxigenic Escherichia coli
infections (43). Enterotoxigenic E. coli is endemic to these
regions and may be a part of the normal gut microbiota of peo-
ple living in the Asian and African continents.4 Enterotoxigenic
E. coli-associated diarrhea is life-threatening in infants but less
severe in adults (65) and thus may provide resistance against
development of colorectal cancer.

The intestinal stem cells are thought to be the “cells of origin”
for colonic cancers (66). These stem cells, which lie at the bot-
tom of the crypts, do not express GC-C and hence would not be
under cGMP-mediated cytostatic control (67). However, a
recent report suggests that colonic tumors can also arise from
differentiated enterocytes in the context of an inflammatory
stroma, supporting the “top-down” model of adenoma mor-
phogenesis (68, 69). This means that enterocytes have the abil-
ity to dedifferentiate and form tumor-initiating cells. There-
fore, the GC-C/p21 cytostatic axis, which is active in the transit-
amplifying and differentiated compartments of the colonic
crypt, can influence tumor development in these cells.

In conclusion, we have described in molecular detail a mech-
anism by which GC-C/cGMP can restrict colon carcinogenesis
(Fig. 7C). The data presented raise the prospect of the use of
GC-C agonists in colorectal cancer therapy, including p53-null
carcinomas. The GC-C agonist linaclotide is currently a drug of
choice for the treatment of chronic idiopathic constipation
(70). One can envisage the use of this GC-C agonist in combi-
nation with other chemotherapeutic agents to enhance the effi-
cacy of the current treatment regimens for colorectal cancer.
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